• These data are consistent with a model in which MtCOPT1 transports 48 copper from the apoplast into nodule cells to provide copper for essential 49 metabolic processes associated with symbiotic nitrogen fixation. 50
In this study, we have identified MtCOPT1 (Medtr4g019870) a gene encoding a 140 nodule-specific COPT family member. Consistent with a role in copper uptake from the 141 apoplast, MtCOPT1 expression is mainly confined to the differentiation/interzone region 142 of the nodule, where its encoded protein is located in the plasma membrane of those cells. 143
Characterization of a Tnt1 insertional mutant in this gene showed a reduction in plant 144 biomass production during symbiosis, associated with decreases in bacteroid cytochrome 145 oxidase and nitrogenase activities. This was restored by transformation with a wild-type 146 copy of the mutated gene or by increasing copper concentrations in the nutrient solution. 147
This work adds to our understanding of how copper is delivered from the host plant to be 148 used in symbiotic nitrogen fixation. 149 150
Materials and Methods 151
Biological materials and growth conditions 152
Medicago truncatula R108 seeds were scarified in concentrated H 2 SO 4 for 7 min. 153 Then, they were washed with cold water and surface-sterilized with 50% bleach for 90 s 154 and incubated overnight in sterile water for imbibition. After 48 h at 4ºC, seeds were 155 germinated in water-agar plates at 22ºC for 24 h. Then, seedlings were planted in sterile MtCOPT1 cDNA was cloned between the XbaI and EcoRI sites of the expression 186 vector pYPGE15. Restriction sites were added to MtCOPT1 CDS by PCR, using the 187 primers listed (Supporting Information, Table S1 ). Yeast were transformed using a lithium 188 acetate-based method (Schiestl & Gietz, 1989 A DNA fragment integrating the full length MtCOPT1 genomic region and the 204 two kb upstream of its start codon with three HA epitopes fused in N-terminus of the 205 protein, was cloned in the plasmid pGWB1 (Nakagawa et al., 2007) using Gateway 206 technology (Invitrogen). In frame fusion of the epitopes was done by fusion PCR using 207 the primers indicated in Supporting Information, Table S1 . Hairy-root transformation was 208 performed as previously described (Boisson-Dernier et al., 2001) . Transformed plants 209
were transferred to sterilized perlite pots and inoculated with S. meliloti 2011 containing 210 the pHC60 plasmid that constitutively expresses GFP. Nodules collected from 28-dpi 211 plants were fixed by overnight incubation in 4% paraformaldehyde, 2.5% sucrose in PBS 212 at 4ºC. After washing in PBS, nodules were cut in 100 µm sections with a Vibratome 1000 213 plus (Vibratome). Sections were dehydrated using methanol series (30, 50, 70, 100% in 214 PBS) for 5 min and then rehydrated. Cell walls were permeabilized with 4% cellulase in 215 PBS for 1 h at room temperature and with 0.1% Tween 20 in PBS for 15 min. Sections 216 were blocked with 5 % bovine serum albumin (BSA) in PBS before their incubation with 217 an anti-HA mouse monoclonal antibody (Sigma) for 2 hours at room temperature. After 218 washing, an Alexa594-conjugated anti-mouse rabbit monoclonal antibody (Sigma) was 219 added to the sections for 1 h at room temperature. DNA was stained with DAPI after 220 washing. Images were acquired with a confocal laser-scanning microscope (Leica SP8) 221 using excitation lights at 488 nm for GFP and at 561 nm for Alexa 594. sample was measured at OD 520 each 10 s for 5 min to determine the reaction kinetics. Medtr4g065123; and MtCOPT8, Medtr0027s0220). Their expression profiles were 311 determined in shoots, roots, and nodules in nodulated and non-nodulated plants. Out of 312 the eight, MtCOPT1 was the only gene whose transcripts were detected in nodules 313 exclusively ( Fig. 1a) . MtCOPT3 was the only other COPT gene also expressed in nodules, 314 but it was not specific to this organ and its maximum expression occured in shoots, 315 regardless of the symbiotic status of the plant (Supporting Information, Fig. S1 ). 316 To confirm that MtCOPT1 was able to transport copper, yeast complementation 330 assays were carried out using a S. cerevisiae mutant with a deletion in the ScCTR1 gene. 331
This mutant is affected in Cu + uptake and, consequently, copper dependent metabolic 332 reactions are affected. For instance, this strain is not able to grow on non-fermentable 333 carbon sources since it lacks the copper-dependent cytochrome oxidase activity required. 334 Therefore, this mutant was not able to grow on YPEG medium, that contains ethanol and 335 The above expression profile was also validated by detecting the protein 354 localization using an epitope-labelled MtCOPT1 that has three hemagglutinin (HA) tags 355 fused to its N-terminal region. Expression of this construct was driven by the same 356 promoter region as for the GUS activity visualization studies. MtCOPT1-HA was located 357 in cells in the late infection/differentiation, interzone, and in the younger parts of the 358 fixation zone (Fig. 4a ). The protein was detected in both rhizobia-infected and non-359 infected cells. This result was not due to autofluorescence, since sections that were not 360 incubated with the primary antibody did not show any signal (Supporting Information, 361 Since MtCOPT1 was expressed solely in nodules, the phenotype of copt1-1 was 380 assessed in S. meliloti inoculated plants watered with a nitrogen-deficient nutritive 381 solution. Under these conditions, copt1-1 showed reduced growth ( Fig. 5b ) and biomass 382 ( Fig. 5c ) compared to wild-type plants. However, no significant differences were found 383 in nodule number (Fig. 5d ). Consistent with the role of MtCOPT1 in Cu + transport in 384 nodules, alterations in copper levels were detected in these organs, with over twice as 385 much copper in copt1-1 nodules than in wild-type ones (Fig. 5e ). However, no major 386 change in copper distribution was observed with copper sensor CS1 (Bernal et al., 2012; 387 genotypes. Acetylene reduction activity (Dilworth, 1966) was measured to determine how 390 nitrogenase activity was affected by mutating MtCOPT1. The results showed a ca. 50% 391 reduction of this activity in the copt1-1 mutant (Fig. 5f ). This phenotype can be attributed 392 to the Tnt1 insertion in MtCOPT1 since it was restored by transforming copt1-1 with was caused by altered copper delivery to the plant, a plant nutrient solution fortified with 395 a 100-fold excess of copper compared to our standard was used (Fig. 6 ). This resulted in 396 improved growth of copt1-1, similar to that of wild type plants (Fig. 6a) , and a restoration 397 of biomass production ( Fig. 6b ) and of nitrogenase activity (Fig. 6c ). No differences 398 between wild-type and copt1-1 plants were observed when they were not inoculated and 399 an assimilable nitrogen source was provided in the nutrient solution (Supporting 400 Information, Fig. S7 ). 401
402
Bacteroid cytochrome oxidase activity is impaired in copt1-1 nodules 403
Although reduced nitrogenase activity could cause lower biomass production in 404 copt1-1 plants, there is no direct link between nitrogenase and copper nutrition. However, 405 this enzymatic activity heavily relies on the obligatorily aerobic energy metabolism of the 406 bacteroid, in which copper-dependent cytochrome oxidase cbb 3 plays a critical function. 407
To test whether mutation in MtCOPT1 had a negative impact on this metabolic process, 408 cytochrome oxidase activity was measured in bacteroids isolated from copt1-1 and wild-409 type nodules (Fig. 7) . Bacteroids from copt1-1 had 60 % less activity than the controls. 410
Increasing copper concentration in the nutrient solution restored activity to levels similar 411 to those of the wild type. This phenotype was not the result of down-regulation of the 412 rhizobial cytochrome oxidase-encoding genes, since bacteroids from copt1-1 had 413 increased expression levels of their two fixN genes ( Supporting Information, Fig. S8 ). Bacteroids isolated from copt1-1 nodules also showed a significant reduction in 484 cytochrome oxidase activity, consistent with a decrease in copper supply to bacteroids. 485 However, the copt1-1 phenotype did not appear to be as severe as that of mutants in fixI 486 or in fixN, since some nitrogenase activity remained in the mutant nodules and no major 487 developmental change was observed. This indicates that MtCOPT1 is not the only 488
given the postulated role of MtCOPT1 in copper uptake by nodule cells. A possible 500 explanation for this result is that cellular demand for copper in nodules is signalled 501 systemically to increase supply to nodules until demand is met. In the absence of 502 MtCOPT1 activity, intracellular levels of copper remain low, possibly triggering a 503 systemic signal(s) that results in more copper being transported into nodules. Increased 504 copper concentration in the apoplast appears to be sufficient to allow alternative 505 transporters (e.g. COPTs, NRAMPs) to import some copper into cells, which would 506 explain why some cytochrome oxidase activity was still detected in copt1-1 nodules. 507 However, the affinity for copper of alternative transporters must be relatively low, 508 because very high concentrations of copper (100x) in the nutrient solution were required 509 to complement the mutant phenotype. Similar observations have been made for the 510 nodule-specific molybdate transporter MtMOT1.3 (unpublished). 511
In conclusion, copper entering nodules is very likely delivered by the vasculature 512 and released in the infection zone-interzone where MtCOPT1 would transport it into cells 513 ( Fig. 8) 
